Motivations of arterial spin labeling (ASL) at ultrahigh magnetic fields include prolonged blood T 1 and greater signal-tonoise ratio (SNR). However, increased B 0 and B 1 inhomogeneities and increased specific absorption ratio (SAR) challenge practical ASL implementations. In this study, Turbo-FLASH (Fast Low Angle Shot) based pulsed and pseudo-continuous ASL sequences were performed at 7T, by taking advantage of the relatively low SAR and short TE of Turbo-FLASH that minimizes susceptibility artifacts. Consistent with theoretical predictions, the experimental data showed that Turbo-FLASH based ASL yielded approximately 4 times SNR gain at 7T compared to 3T. High quality perfusion images were obtained with an inplane spatial resolution of 0.8561.7 mm 2 . A further functional MRI study of motor cortex activation precisely located the primary motor cortex to the precentral gyrus, with the same high spatial resolution. Finally, functional connectivity between left and right motor cortices as well as supplemental motor area were demonstrated using resting state perfusion images. Turbo-FLASH based ASL is a promising approach for perfusion imaging at 7T, which could provide novel approaches to high spatiotemporal resolution fMRI and to investigate the functional connectivity of brain networks at ultrahigh field.
Introduction
During the past two decades, arterial spin labeled (ASL) perfusion MRI has been developed into a class of noninvasive methods for direct measurement of cerebral blood flow (CBF). It has found a broad range of applications in both basic and clinical neuroscience [1, 2] . The drawbacks of ASL, however, include the relatively small fractional signal of labeled arterial blood (,1%) as well as the transit artifact resulting from intravascular labeled blood yet to reach brain tissue by the time of image acquisition [1, 3] . For instance, ASL perfusion imaging in patients with ischemic stroke has been challenging, since the delivery of labeled blood to capillaries and brain tissue can be severely delayed. While alternative spin labeling strategies such as velocity selective labeling [4] have been proposed to reduce the sensitivity of ASL to delayed arterial transit effects, these methods often suffer from reduced signal strengths compared to standard ASL approaches.
The availability of magnets with high and ultrahigh field strengths ($4.0 T) offers a potentially interesting approach to circumvent the limitations of ASL [5] . First, the signal-to-noise ratio (SNR) is proportional to the main field strength. Second, the ''tracer half life'' as determined by the longitudinal relaxation time (T 1 ) of labeled blood water is prolonged at higher magnetic fields, which follows approximately a cube root increase with the resonance frequency (v 0.3 ) [5, 6, 7, 8] . Lastly, prolonged tracer relaxation times and increased SNR should allow the use of relatively long post-labeling delay times to counteract delayed arterial transit effects in ASL. To date, implementations of pulsed [5, 9] and pseudo-continuous ASL (pCASL) for human studies [6, 10, 11] have been carried out at 4.0 and 7.0T. While a general benefit of SNR gain has been demonstrated, the implementation of ASL at ultrahigh fields presents several challenges.
One major challenge is that inhomogeneities in B 0 and B 1 fields become more prominent at higher field strengths, leading to compromised label efficiency. In particular, past studies have shown that corrections of B 0 and B 1 fields may have to be performed for effective implementation of pCASL at 7T [6] . In addition, transverse relaxation times (T 2 and T 2 * ) are shortened due to stronger susceptibility effects at higher magnetic fields [12] . This effect of faster T 2 /T 2 * decay may discount the ASL signal gain through prolonged T 1 relaxation at higher fields and may complicate CBF quantification [13] . Most existing ASL studies have used gradient-echo echo-planar imaging (EPI) as the readout sequence which suffers from susceptibility effects (signal loss and image distortions) that are more pronounced at ultrahigh field strengths [14, 15] . Lastly, the specific absorption ratio (SAR) of RF power increases with the square of resonance frequency, limiting the duration and number of labeling pulses that can be applied at ultrahigh fields.
Turbo-FLASH (Fast Low Angle Shot) is a promising approach for fast imaging at ultrahigh fields due to its relatively low SAR and short TE that minimizes susceptibility artifacts [16, 17, 18] . In addition to its use for structural and susceptibility MRI at 7T, Turbo-FLASH may be suitable for ASL perfusion imaging as the longitudinal magnetization of the label can be well preserved by the RF pulse train with small flip angles. On the other hand, the short TE (a few ms) of Turbo-FLASH ensures minimal decay of the label through transverse relaxation [19] . The goal of the present work was therefore to implement and optimize Turbo-FLASH based pulsed ASL (PASL) and pCASL at 7T to explore and maximize the SNR gain of ultrahigh field ASL. As a proof-ofconcept study, perfusion imaging was performed on the motor cortex where B 0 and B 1 fields are relatively homogeneous. Perfusion based functional MRI (fMRI) of motor cortex activation was further performed to demonstrate the sensivitity of Turbo-FLASH based ASL at 7.0T to neural activation. Finally, functional connectivity analysis of motor cortices was performed on resting state perfusion image series collected at 7.0T.
Theory
The theoretical assumptions were based on the two ASL pulse sequences employed in the experiment, namely FAIR with QUIPSS II type [20, 21] inferior saturation for pulsed ASL (PASL) and pCASL with balanced gradients between label and control [22] (see Figure 1 for details of pulse sequences and labeling schemes). For the sake of simplicity, a standard single-compartment model was adopted for theoretical calculation which assumes that labeled blood water stays in the vasculature rather than exchanging into tissue [23] . The effect of water exchange between capillaries and tissue is discussed below.
The standard PASL signal can be modeled by [23, 24] :
where the difference perfusion signal, DM~M tag {M con , M tag / M con is the longitudinal magnetization following the tagging or control pulse but before the first excitation RF pulse respectively, R 1a is the longitudinal relaxation rate of blood, a is the tagging efficiency, t is the duration of tagging bolus (or TI 1 ), w (or TI) is the post-labeling delay time, d is the arterial transit time and l ( = 0.9 g/ml) is the blood/tissue water partition coefficient. The tag and control signals, S tag /S con, acquired by the Turbo-FLASH sequence are [25] :
where E 1~e {TR=T 1 , and E 2~e {TE=T 2 , M0 is the equilibrium magnetization, h is the flip angle of Turbo-FLASH, j is the number of k-space lines acquired by the FLASH readout. The Turbo-FLASH based PASL signal, DS, can be calculated by:
By substituting Eqs. (1) and (2) into Eq. (3), Turbo-FLASH based PASL signals can be modeled by:
Similarly, the standard pCASL signal can be calculated by [26] :
By substituting Eqs. (2) and (5) into Eq. (3), Turbo-FLASH based pCASL signals can be modeled by:
Methods

Theoretical Calculation
Theoretical calculation was performed using custom MATLAB (MathWorks, Inc., MA, USA) programs. Turbo-FLASH based PASL and pCASL signals as a function of field strength were calculated based on Eqs. (4) and (6) respectively. Blood T 1 was assumed to follow an approximate cube root increase with the resonance frequency (v 0.3 ) [5, 6, 27] . A blood T 1 of ,2290 ms has been reported at 7T [7] . Due to the use of a short TE of 1.36 ms, the effect of transverse relaxation times on Turbo-FLASH based ASL signals was small (,2% change between 3T and 7T) and was ignored [28] . Other assumed parameters were: TR (between 2 excitation pulses) = 3.11 ms, labeling efficiency = 0.95 and 0.8 for PASL and pCASL [22] , flip angle = 7u (the Turbo-FLASH signal reaches maximum with the flip angle of 7u at 7T based on simulation).
Imaging Sequences
Imaging was performed on a 7T whole-body Magnetom system (Seimens Medical Systems, Erlangen, Germany) with 1CP transmit/24 channel receiver head coil (Nova Medical, Cambridge, MA, USA), and a 3T whole-body TIM Trio system with the default 12-ch reciever coil (Siemens Medical Systems, Erlangen, Germany). The pCASL sequence used balanced gradients between tag and control acquisitions (Fig. 1a) [22] . The PASL sequence used a modified version of the FAIR technique [21] , in which a series of saturation pulses was applied at 700 ms after the label or slice-selective inversion, similar to QUIPSS II (Fig. 1d) . Detailed parameters for labeling pulses of pCASL and PASL can be found in [22] . A standard Turbo-FLASH readout was applied at the post-labeling delay time following labeling pulses of PASL or pCASL, respectively. Two experiments were carried out at both 3T and 7T for comparison: 1) resting state pCASL and PASL scans with different spatial resolution; and 2) fMRI of motor cortex activation using PASL along with functional connectivity analysis. The global SAR of the Turbo-FLASH based PASL and pCASL sequence at 7T was below the FDA limit of 4 W/kg in a gram of tissue, as calculated and monitored by vendor supplied programs.
Exp. 1 Resting-State PCASL and PASL
Five healthy subjects (23-27 years, 3 males) underwent MRI scanning at both 3T and 7T. All experiments were performed according to the principles expressed in the Declaration of Helsinki and had approval from the Human Reasearch Ethics committee of the Institute of Biophysics, Chinese Academy of Sciences. All participants provided written informed consent for the collection of data and subsequent analysis. Acquisition parameters for Turbo-FLASH based pCASL were: FOV = 2206220 mm 2 , TE = 1.36 ms, bandwidth = 490 Hz/pixel, slice thickness = 5 mm, matrix = 128664, 1286128, 2566128 for 7T, and 64664, 128664, 1286128 for 3T, post-labeling delay = 1000 ms, label duration = 700 ms, TR (between label and control acquisitions) = 3000 ms which was adjusted according to SAR limitations. A single slice through the motor cortex was imaged and the label offset was 4.5 cm for pCASL. Thirty pairs of control and label images were acquired for each spatial resolution in each subject at 3T and 7T respectively.
The same 5 subjects underwent resting PASL scans and acquisition parameters were: FOV = 2206220 mm 2 , TE = 1.36 ms, bandwidth = 490 Hz/pixel, slice thickness = 5 mm, matrix = 128664 at 7T and 64664 at 3T, post-labeling delay = 1000 ms, tagging pulse duration = 15 ms, TI 1 = 700 ms, TR = 4000 ms. The selective inversion band was 4 cm for a single slice through the motor cortex. Thirty pairs of control and label images were acquired for each post-labeling delay in each subject at 3T and 7T respectively.
Exp. 2 fMRI of Motor Cortex Activation and Functional Connectivity using PASL
fMRI experiments with sensorimotor cortex stimulation were performed on the same five healthy subjects at both 3T and 7T using PASL. Acquisition parameters were: TR = 4 s, post-labeling delay = 1000 ms, matrix = 128664, 1286128 and 2566128 at 7T and 64664, 128664 and 1286128 at 3T. The rest parameters were the same as those of resting-state PASL. An alternating finger tapping paradigm (6 cycles of 24 s left hand and 24 s right hand, with an 8 s resting gap) was applied, and each fMRI scan took 6.4 min. In addition, fMRI experiments were performed using a multi-slice PASL sequence on 3 healthy subjects (21-27 years, 2 males) at 7T. The protocol was the same as for the single slice PASL study except that 7 slices with the thickness of 3.5 mm (with 0.735 mm gap) were acquired, TR = 4500 ms and the selective inversion band was 5.5 cm. Multi-slice resting-state PASL scans were then performed with the matrix size of 128664, 1286128 and 2566128 respectively at 7T. Each of the resting state PASL scans took 10 min with 75 pairs of control and label acquisitions, while the subjects were instructed to rest quietly with eyes closed. 
Phantom Study
In order to compare the coil sensitivities at 3T and 7T, a vendor supplied oil phantom was scanned at both 3T and 7T using Nova Medical volume transmit and 24-ch receiver coil, and the default 12-ch receiver coil, respectively. A proton density (PD) image was acquired using a turbo-spin echo (TSE) sequence (TR = 3000 ms, TE = 17 ms, FA = 120u, FOV = 2206220 mm 2 , matrix size = 3206320, slice thickness = 5 mm) at both 3T and 7T.
Data Processing
Original images were motion corrected using a six-parameter, rigid-body, least-squares realignment by SPM8 (Wellcome Trust Centre for Neuroimaging, UCL, London, UK). Resting-state PASL and pCASL signals were obtained by pairwise magnitude subtraction between control and label images in each scan, followed by averaging to produce mean DM images. The SNR was calculated by dividing the average intensity of DM signals in a region of interest (ROI) within the brain by the standard deviation (SD) of noise in an ROI outside of the brain. The foreground ROI covered most parts of the brain, excluding the veins, skull and cerebrospinal fluid (CSF). The ROI for background noise was carefully chosen to avoid any region presenting apparent unfolding or ghosting artifact. The temporal SNR was calculated as the mean DM intensity divided by the SD of the DM image series. CBF values were calculated based on Eq. (4) for PASL and Eq. (6) for pCASL across brain voxels.
For functional perfusion imaging, original images were corrected for motion, and smoothed in space with a 3D Gaussian kernel that was twice of the pixel size, followed by CBF calculation. Statistical analysis was performed on the preprocessed image series using a general linear model (GLM). The effect of interest in the GLM design matrix comprised of a simple boxcar waveform defining different stimulus conditions. The significant activation level was set to P,0.001 with a cluster size .10 voxels. Mean perfusion signal changes were derived from the activated clusters, and compared using repeated measures ANOVA of the SPSS 19.0 software package (SPSS, Inc., Chicago, IL, USA). The detected activation region in multi-slice PASL fMRI scans was used as the seed region for functional connectivity analyses. Resting-state PASL data were realigned, corrected for time lag between slices, followed by linear detrending and temporal filtering with a bandpass filter between 0.01 and 0.08 Hz. Functional connectivity maps were generated by calculating Pearson correlation coefficients between perfusion time courses of each brain pixel with that of the seed ROI. Pearson correlation coefficients were then converted to Z statistics with Fisher's z transformation.
Results
Theoretical Calculation
Based on the imaging parameters, theoretical calculation of the ASL perfusion signal as a function of field strength was carried out in two steps. The first step was to calculate the fraction of DM signal changes with field strength solely due to the T 1 effect (according to Eqs. [4] and [6] ). The signal increase in the fraction of DM signal due to the T 1 increase as the field changes from 3T to 7T is 1.36 and 1.27 times for PASL and pCASL respectively Turbo-FLASH Based ASL at 7T and 3T PLOS ONE | www.plosone.org (Fig. 2a) . As the second step, we calculated the normalized DM signal by multiplying the result of step 1 with the intrinsic SNR of M 0 , which is proportional to the field strength (Fig. 2b) . The relative SNR acquired by Turbo-FLASH for 7T pCASL, 7T PASL, 3T pCASL and 3T PASL is 3.7:3.1:1.3:1, i.e., an approximate factor of 3 when performing ASL at 7T versus the same technique at 3T using Turbo-FLASH as the readout. Table 1 ). The SNR ratio of pCASL and PASL were 1.49 and 1.24 at 3T and 7T respectively. The temporal SNR of pCASL perfusion image series at 7T, however, was reduced by approximately 40% as compared to that at 3T (see Table 2 ).
Exp 1. Resting-state pCASL and PASL
The labeling efficiency of pCASL at 7T was estimated by normalizing the mean CBF values to those acquired by PASL of the same subjects (mean 6 SD = 54.9061.40 ml/100 g/min across 5 subjects). Assuming an efficiency of 0.95 for PASL at 3T [22] , this resulted in a mean PASL efficiency of 0.9360.06 and pCASL efficiency of 0.6460.06 at 7T.
As shown in Table 1 Table 2 ).
Exp 2. fMRI of Motor Cortex Activation and Functional
Connectivity using PASL Figure 4 shows t-statistic maps of motor cortex activation of a representative subject with 3 spatial resolutions at 3T and 7T. As shown in Figure 5 , the mean peak-to-peak perfusion signal changes corresponding to 81.965.7, 69.865. 8 at 7T, respectively. There were no significant differences between the 3 different resolutions (p = 0.084). The high resolution fMRI map precisely located primary motor cortex in the precentral gyrus at 7T, while 3T PASL failed to accurately locate the motor cortex when the spatial resolution was higher than 1.761.7 mm 2 . Figure 6 displays the fMRI results of the finger-tapping task using multi-slice PASL with the spatial resolution of 1.763.4 mm 2 , 1.761.7 mm 2 and 0.8561.7 mm 2 at 7 T. Figure 7 displays the functional connectivity maps generated using the left motor cortex as the seed, based on resting state PASL scans. As can be clearly seen in Fig. 7 and Table 3 of mean correlation coefficients, the right motor cortex was significantly correlated with left motor cortex, and vice versa. The supplemental motor area (SMA) was also significantly correlated with left and right motor cortices.
Phantom Results
There was a 2.98 times SNR gain at 7 T compare with 3 T as measured on the TSE PD images. Accounting for the 2.33 times SNR gain from 3 to 7 T, this result suggests a 1.28 times SNR gain using the 24 channel Nova Medical coil compared with the default 12 channel coil.
Discussions
The results presented above demonstrate the feasibility and benefits of Turbo-FLASH based ASL approaches at ultrahigh magnetic fields. Due to prolonged blood T 1 and higher intrinsic SNR, our theoretical simulations indicated an approximate factor of 3 in SNR gain by performing Turbo-FLASH based ASL at 7T relative to 3T. Our experimental results showed a SNR gain of 3.7 to 4.0 when comparing Turbo-FLASH based pCASL at 7T vs. 3T. Since there is an additional 1.28 times SNR gain by using the custom 24-ch (Nova Medical) receiver coil at 7T vs. the default 12-ch receiver coil at 3T, our experimental results match well with the theoretical prediction (i.e., 361.28 = 3.84 SNR gain). This high SNR gain allowed perfusion imaging with a high in-plane resolution of 0.8561.7 mm 2 at 7T. Turbo-FLASH is emerging as an appealing imaging approach at 7T, which has been successfully applied for structural, phase and susceptibility MRI [16, 17, 18] . The present study further demonstrates that it may be an ideal approach for perfusion MRI at ultrahigh fields.
The drawbacks of Turbo-FLASH, as compared to EPI, include relatively long scan time and potential saturation effects (on the label) of the RF pulse train. In the present study, each slice Table 2 . The temporal SNR at 7 T and 3 T. acquisition with a matrix size of 1286128 took 395 ms which limited the imaging coverage to a single or a few slices. In comparison, it generally takes less than 60ms to acquire a single slice using EPI. To demonstrate the intrinsic ASL signal gain at high fields, we did not apply partial k-space or parallel imaging which would have reduced the slice acquisition time by a factor of 2 to 4 at the cost of a lowered SNR [29, 30] . In future studies, partial k-space and/or parallel imaging should be carried out in conjunction with centric order sampling to improve the imaging speed of Turbo-FLASH. In the present study, a single-compartment model was employed for perfusion quantification as well as for the simulation of Turbo-FLASH based ASL signal as a function of field strength. It is reasonable to assume that the labeled water stays in the vasculature rather than exchanging into brain tissue since the bolus duration was relatively short (700 ms) for both PASL and pCASL in our experiment, while the exchange time of labeled water is on the order of 1.5 s [31] . Using a two-compartment model including both vascular and tissue compartments [32] , the potential error in Turbo-FLASH based PASL and pCASL signals is 2.0% and 0.3% at 7T compared to those calculated using a single-compartment model.
While Turbo-FLASH can improve the readout of ASL perfusion signals at 7T, the major challenge of implementing ASL at ultrahigh fields is inhomogeneities of B 0 and B 1 fields. The RF wavelength in human tissue at 7T is about 11 cm compared to 26cm at 3T, thus approaching the human head size. A local transmit coil is commonly used for RF-delivery to minimize the inhomogeneous B 1 -distribution, which is optimized in the cerebellum. However, for spin labeling at the base of the brain or close to the neck, B 1 and B 0 field inhomogeneities deteriorate which may significantly affect the labeling efficiency of both PASL and pCASL. In the present study, we attempted to minimize field inhomogeneity effects by placing both imaging and labeling regions on the brain cortex. The labeling plane of pCASL was 4.5 cm below the imaging slice through the motor cortex, while the gap between the tagging slab and imaging slice was 2 cm in PASL. The estimated PASL efficiency was 0.9360.06 and pCASL efficiency was 0.6460.06 at 7T, which is acceptable. In the future, several approaches may be applied for effective spin labeling at the base of the brain at ultrahigh fields. One is to place the iso-center of the main field at or close to the labeling region to minimize the effect of B 0 inhomogeneity, as suggested by a recent pCASL study on mice at 11.75T [33] . Although the imaging volume may be off- center, the use of Turbo-FLASH readout is resistant to B 0 inhomogeneity effects. Second, to improve B 1 homogeneity at the labeling region, novel coil design may be applied with extended coverage in the neck region [34] . An alternative approach is to apply separate neck labeling coils which may also reduce the overall SAR level [35] . In addition, a phase-cycling approach may be applied to reduce phase error in pCASL at high fields [36] .
The present study also demonstrated perfusion fMRI of motor cortex activation at 7T with an in-plane resolution as high as 0.8561.7 mm 2 . In contrast, at 3T when the resolution was higher than 1.763.4 mm 2 , the SNR decreased significantly which caused spurious activation. The mean percentage of perfusion signal changes did not vary significantly between different spatial resolutions at 7T. This result appears in contradiction with the study by Pfeuffer et al. [9] that reported increased perfusion signal change with higher spatial resolution (.200% at the highest resolution of 0.960.961.5 mm 3 ). The authors attributed their findings to significant partial volume effects in perfusion fMRI. There are several differences between the Pfeuffer study and our study. The original FAIR technique was used by Pfeuffer et al. with a delay of 1.5 s while QUIPSS II type FAIR was used in the present study with a tagging bolus of 700 ms and a post-labeling delay of 1 s (total delay of 1.7 s). Transit effects (intravascular signals) are not suppressed in FAIR whereas they are largely suppressed using QUIPSS II. Therefore, the high perfusion signal changes (.200%) observed by Pfeuffer et al. with the resolution of 0.960.961.5 mm 3 may reflect flow increases in small vessels. It is worth noting that the reported perfusion signal changes at comparable spatial resolutions were similar between our study and Pfeuffer study. These results suggest that the observed fMRI activation in our study primarily reflects perfusion signal changes in capillaries and brain tissue. Given recent evidence that perfusion based fMRI may be more stable and offer higher spatial accuracy than BOLD fMRI [37] , ultrahigh field ASL may provide a promising tool for fMRI studies.
Another recent trend in fMRI is functional connectivity within a number of brain networks during the resting state [38, 39] , such as the default mode, visual, auditory and motor networks. Perfusion based fMRI has been attempted for detecting resting state functional connectivity, and several ASL studies reported functional connectivity of the default mode and motor networks [40, 41] . However, one challenge for perfusion based functional connectivity studies is the potential contamination of blood-oxygen level dependent (BOLD) contrast during ASL scans, although a temporal filtering algorithm has been proposed [42] to separate perfusion and BOLD effects. Another challenge is the relatively weak ASL signal that hampers the sensitivity and reliability for detecting functional connectivity within brain networks. Turbo-FLASH based ASL at 7 T may provide an ideal tool for perfusion based functional connectivity studies, given the approximately 4 times SNR gain compared to the same technique at 3 T. In addition, the use of Turbo-FLASH as the readout of ASL signals minimizes the susceptibility or BOLD effect. In future, further technical development is required to improve the imaging speed and coverage of Turbo-FLASH based ASL at 7 T so that it can be reliably applied for resting state functional connectivity studies.
In the present study, the temporal SNR of 7 T pCASL was 40% lower than that of 3 T pCASL. But the temporal SNR of 7 T PASL was approximately 50% greater than that of PASL at 3 T. The reason for the discrepancies between temporal SNR levels of pCASL and PASL at 3 T and 7 T is not well understood and may be related to different effects of physiological noise on ASL signals at 3 T and 7 T. Past studies have generally reported a higher level of temporal SNR using pCASL compared to PASL at 3 T, with EPI as the readout sequence [43] . In the present study, however, the label duration (700 ms) of pCASL was relatively short and the labeling efficiency may be affected by temporal variations of B 0 and B 1 fields due to field drifts, cardiac and respiratory effects at 7 T. With short adiabatic pulses, PASL may be less sensitive to potential variations of B 0 and B 1 fields compared to pCASL at 7 T. This is a hypothesis to be tested in future studies.
Conclusion
Turbo-FLASH based ASL is a promising approach to maximize the SNR gain of 7T ASL, while minimizing field inhomogeneity effects and improving the spatial and temporal resolution of ultrahigh field ASL. It is feasible to apply multi-slice Turbo-FLASH based ASL for resting and task activation perfusion imaging at 7T. Approximately 4 times SNR gain is readily achievable at 7T compared to 3T, which opens the door to ultrahigh field fMRI with high spatiotemporal resolution as well as novel approaches to investigate the functional connectivity of brain networks. 
